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The development and application of high performance hydraulic com-
ponents with low contaminant tolerances has necessitated the u.se of fil-
ter media which are more effective in the removal of hydraulic system 
contaminants. The search for filter media has led to the consideration 
of media such as paper, sintered metal powder, sintered metal fiber, and 
woven wire cloth. The latter medium has fo~d wide acceptance in the 
aerospace industries because of its low flow resistance and close}J" con-
trolled pore size. The criterion for selecting one medium over another 
is often based on the experience of the designer rather than the know-
ledge of what contribution the filter medium is actually making to the 
system. Often, this approach has been forced on the designer because 
applicable filter design information has either been of a vague, empiri-
cal nature, or totally la.eking. 
The evolution of sophisticated hydraulic contl'ol systems into in-
dustrial applications such as the mobile equipment industry, requires a 
different approach to filter design than has been followed for aerospace 
applications. In the aerospace industry, where relatively few units 
containing a given control system are built, the economic penalties re-
sulting from an overdesigned filtration system are often insignificant. 
However, in industrial applications where the system design bas the po-
tential of being used on thousands of units, the need for selecting the 
l 
most economical filtration compatible with proper system operation is 
paramount. 
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The following three items of information are required before an ef-
fective filtration system can be designed economically for a given fluid 
control system application: 
(1) The contaminant levels which can be expected in the system 
fluid under operating conditions must be known. 
(2) The contaminant environment in which the system can operate 
with no loss in performance must be defined. 
(3) The capabilities of the available filter materials to reduce 
existing system contaminant levels to acceptable levels must 
be known. 
Information regarding the first two items above is beginning to ap-
pear in the literature as users and manufacturers of hydraulic components 
are attempting to define the contaminant generation characteristics of 
their systems and determine the contaminant tolerance levels of critical 
components. To provide fluid which does not exceed specified contami-
nant tolerance levels, the filter designer must either resort to a trial-
and-error filter selection procedure or have available more comprehen-
sive information about filter performance. 
The present research has been conducted in order to provide the hy-
draulic system designer with applicable information regarding the char-
acteristics of wire cloth media. Mathematical models for the flow and 
filtration performance have been developed and experimentally verified. 




The two important fimctions of a .tilter medium are diametrically oJ>-
posed to one another. A filter is required to provide maximum restric-
tion to the passage of particulate contaminants, while offering mini.mum. 
resistance to flow of the system fluid. Therefore, a study of the per-
formance of filter media should consider both the flow and filtration 
characteristics of the material. In addition to defining the character-
istics of the material, a knowledge of the contaminant environment in 
which the material is to be used is required. Also, the contaminant 
sensitivity of the components to be protected is basic to the proper se-
lection of a filter medium. The following discussion gives a cross sec-
tion of the available inform,ation regarding these four pertinent areas. 
2. l Flow Through Porous Media. In order to discuss the flow 
through porous media, a definition of the characteristics of a porous me-
dium must be given. A porous medium can be defined as a. medium contain-
ing pores and capillaries. Figure 2.1.l shows a simplified representa-
tion of a porous medium. Capillaries are passages from one side of the 
medium to the other and pores are individual restrictions within capil-
laries. Figure 2.1~2 is a. typical graph of_diam.eter as a function of 
position within a capillary. A pore exists when the diameter reaches a 
relative minimum. These definitions apply throughout the remainder of 
this thesis. 
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The mechanism of flow through porous media has been studied by many 
investigators. Their investigations usually begin with the selection of 
one of the two primary equations covering laminar flow through porous 
media. The first of these basic equations was formulated by the French 
engineer, Henri Darcy, in 1856. He observed that t he fluid velocity 
within a porous medium was proportional to the pressure loss per unit 
length. Later investigators extended Darcy's findings to include the 
viscosity of the flowing fluid. Darcy's equation for horizontal flow can 
be stated mathematically by the differential equation, 
where: 
V=-_lS_ cAP, 
/A- cl L 
vis the fluid velocity in the capillary. 
µ is the dynamic viscosity of the fluid. 
~ is the pressure gradient in the medium. 
(2 .1.1) 
K is a proportionality constant, defined as permeability. 
The negative sign in the equation above results from the fact that the 
pressure gradient is a negative quantity. The permeability of a porous 
medium, as defined bf Equation 2.1.1, has the dimensions of length 
squared and is generally considered to be a complex function of the por-
ous media. 
The second basic equation describing laminar flow of fluids in a 
porous medium is the well known law of Hagen-Poiaeuille. In this case 
the porous medium is modeled by a bundle of straight parallel capillariEB 
of uniform diameter D. A comm.on form of the Hagen-Poiseuille equation is 
D"' dP v =-- - - · 32µ dL (2 .1.2) 
A comparison of Equation 2.1.l and 2.1.2 shows that the permeability of 
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the straight capillari.c model is given by 
(2.1.3) 
Several investigators have attempted to define the permeability of 
a porous medium in terms of the properties of the medium. Scheidigger 
(1)1 in a comprehensive study of the physics of flow through porous media 
describes the efforts of these investigators. One of the most notable 
contributions in this area has been that of Kozeny (2). He characterizei 
permeability as a function of the porosity and internal surface area of 
the medium. The relationship which he proposed is 
where: 
~ is the porosity, ratio of void volume to total volume. 
Sis the internal surface area per unit total volume. 
C is the Kozeny constant. 
The value of C depends on the shape of the flow passage and is equal to 
0.50 for a circle, 0.56 for a square, and 0.60 for an equilateral tri-
angle. 
Carman (3) proposed a much used modification to the Kozeny equa-
tion. His modification, referred to as the Kozeey-Carman equation, is 
given in F,quation 2.1.5. 
K (2.1.5) 
1Numbers in parentheses refer to Bibliography. 
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where: 
S0 is the ratio of the internal surface area to the solid 
volume. 
Schiedigger (1) states that the Kozeny theory contains some vague 
factors and that little more than a qualitative description of the phe-
nomenon can be expected from it. Sullivan (4) showed that Kozeny•s law 
breaks down in the case of porous .t'iberous materials. 
Despite the apparent anomalies, Kozeny's equation has been utilized 
in many instances to describe the penneability term. Green and Duwez 
(5) depicted the pressure gradient through a porous metal medium as the 
sum of two terms, 
where: 
ex is the viscous resistance coefficient, length - 2 • 
?> is the inertial resistance coefficient, length -l. 
(2.1.6) 
For laminar flow only the first term is significant; however, at high 
flow rates the second term must also be considered. The values for~ and 
~were represented by the equations, 
and, 
where: 








The presence of the Kozeny equation in the expression for 01- is readily 
apparent. 
Rainard (6), although using a Poiseuille flow model, suggested an 
equation similar to 2.1.6 in describing the flow of air through textile 
materials. His flow equation is similar in that the pressure loss term 
is the sum of an inertial term and a viscous term. 
(2.l. 9) 
where: 
mis a. constant to account for changes in velocity gradient. 
() is the fluid density. 
If the expression is divided by Q, it can be changed to the form 
t::,. P = IG vv._£ Q + \ 2 8µ L = K Q -t- K . 
Q n Q'i n D 4 , 2 (2.1.10) 
Raina.rd theorized that since K2 is a function of L then K2 should double 
for two layers of fabric, triple for three layers and so on. Further, 
since K1 does not include the length term, L, it should remain constant 
for multiple layers. His experimental work verified the proportionaJity 
of K2 to the number of layers of media. However, the experimental value 
of~ did not remain constant as the flow model had predicted. K1 also 
increased with increasing layers. Rainard hypothesized that as the media 
were placed in series, the holes in the respective media di~ not coin-
cide . Therefore, the effective diameter, D, was decreased and~ in-
creased. This explanation does not seem plausible since auch a decrease 
in the value of D would have affected K2 also, and this was not demon-
strated in his experimental results. 
A considerable number of empirical studies have been carried out to 
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describe the flow of gase$1 through screens. The UBe of screens in most 
of the following cases have not been for filtration,but rather for the 
reduction of or inducement of turbulance in ducts. The approach by 
Baines and. Peterson (7) is typical of that taken by most investigators 
in this area. A pressure loss coefficient, defined by Equation 2.1.ll, 
is used to describe gas flow through a screen. 
(2.1.ll) 
where: 
R is the pressure loss coefficient" 
The loss coefficient, R, is then empirically determined as a. !'unction of 
the Reynolds number based on the wire diameter, the porosity of the 
screen, and the type of weave. For the plain weave shown in Figure 2.1.3 
the porosity is given by 
Open Area. _ ( I _ WDw)Z . 
Total Area 
(2 .. 1.12) 
where: 
Wis the weave spacing. 
Dw is the wire diameter. 
MacDougall (8) correlated the loss coefficient for a plain weave in 
the Reynolds number (NR) range between 0.006 and 20. His empirical find-
ings are given by 
. -1.27 
R::: 33.9 Cl-~)ql 
N \+ 4,0.s 
R 
(2.1.1.3) 
Weighardt (9) covered the range of Reynolds numbers from 60 to 1000 and 
proposed the equation, 
Oi 
- 6 \-<\) 
R - Ni3 <I> 5/3 
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(2.l.14) 
Cornell (10), although not expressing his findings in equation form, pre-
sents experimental curves which cover values of NR between 40 and 17, 000. 
Some investigators, including Wuest (11), have reported a flow-
pressure relationship for screens which differs from F,quation 2ol.ll. 




The exponent n approached 1 for lower velocities and approached 2 for 
higher velocities. Lovett (12) reported values of n which ranged from 
1.7 to 1.9 for water flowing through coarse wire cloth screens. Seed 
and Fowle (13) in measuring the flow-pressure characteristics of paper 
filter media observed that the pressure differential was proportional to 
the flow-rate raised to a. power ranging from 1.1 to 1.6. 
Lewis (14) measured the flow rate-pressure differential character-
istics for eight types of stainless steel filter cloths, four of a Dutch 
twill weave, and four of a plain weave which had been calendered to the 
thickness of the wires. He was attempting to determine whether the flow 
pressure relationship was similar to that which could be expected through 
parallel orifices, namely, pressure proportional to the square of the 
flow rate. The relationship was established as being non-linear for the 
media with the plain weave. However, the exponent of the flow rate was 
measured at approximately 1.5 rather than the expected value of 2.0. For 
the four media with the Dutch twill weave, the differential. pressure was 
found to be a linear function of flow rate. 
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Several authors have applied Poiseuille 1s law to flow through fil-
ter media. Grace (15) and Seed and Fowle (1.3) both suggest the following 
form of Equation 2.1.2, 




N is the number of pores per unit area. 
A is the total area of medium. 
Q is the flow rate through the medium. 
Fitch (16) also suggests a form of the equation above which includes tor-
tuosity of the filter medium as a para.meter. His result can be stated 
mathematically as 
¢/- p/· 
Q = ~p. 
8nN?'µL 
where: 
t· is the tortuosity, which is equal to the ratio of actual 
capillary length to the thickness of the medium. 
Cranston (17) also included the effects of the tortuosity of the filter 
medium in his application of Poiseuille's law. In addition to this modi-
fication he represented the effective flow diameter of the capillaries 
as the product of a constant,()(, and a diameter characteristic of the 
filtration properties of the medium. The flow through a single capillary 
is then given by 
6. p. (2.1.18) 
where: 
D0 is a diameter characteristic of the filtration properties 
of the material. 
q is the rate of flow through a single capillary~ 
If the medium is considered to consist of a number of capillaries having 
a size distribution, f(D ) , the total now through the medium can be re-
c -. 
presented in the form of the integral, 
(2.1.19) 
Cranston, although proposing the equation above, found that the accuracy 
of his experimental results were insufficient for carrying out a detailed 
analysis of the validity of the equation. Instead he grouped the bra.eke-
ted quantity into a flow constant term, which he could obtain experimen-
tally-. He suggested that the flow constant and the filter area be used 
to describe the flow properties of various media. 
Although investigators have proposed several theoretical models to 
describe the flow-pressure relationship through porous media, none of the 
modela has been proven to_be valid. by experimental data. The failure to 
verify a.rzy- o:t these models has been due primarily to the inability of the 
' investigators to accurately measure the porperties of the porous medium. 
It will be shown in a later section that a .form of Poiseuille I s equation 
can be used to describe the flow-pressure relationship through wire cloth 
media. 
2.2 Mechanisms of Filtration. Filter media. can be divided into 
three general classifications based on the mechanism by which they accolll-
plish contaminant. removal. The three rem.oval mechanisms are absorption, 
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adsorption, and mechanical filtration. An absorbent medium accomplishes 
contaminant removal by sponging a mixture of oil, addi~ives, and chemical 
contaminants from the fluid. An adsorbent medium effects filtration by 
attracting contaminants .to its surface by a mechanism such as capillary 
condensation, electrical or polar attraction, or chemical bonding. Ab-
sorption and adsorption filtration is usually applied where large volumes 
of fluid are to be purified and the size and weight of the filter is not 
a critical parameter. 
The third mechanism and the one which will be considered in this re-
search is mechanical filtration. Mechanical filtration is accomplished 
by the direct interception of particulate contamination in the inter-
stices of the filter medium. Media which exhibit this characteristic are 
classified into surface and depth type media depending upon . the manner in 
which the interstice blockage occurs. In surface II)edia the capillaries 
are continuous with no change in direction within the capillaries. Fil-
tration occurs on the surface of the medium in a seiving process. Per-
forated plates, metal edge (wire wound) media, and plain woven wire mesh 
media are typical surface type filter media. Depth media offer a tor-
tuous path for the fluid to follow as they contain capillaries which a.re 
neither straight nor continuous. Dutch twill wire cloths, Figure 2.2.1, 
although usually referred to as surface media, do exhibit some of the 
properties of depth media as the fluid must follow a somewhat tortuous 
path through a series of four pores. 
The mechanisms of mechanical filtration have received the attention 
of several investigators. Hermans and Bredee (18) proposed the following 
series of filtration mechanisms: 




(1) Complete Blocking occurs when the individual particles are 
large enough to directly plug the filter pores. 
(2) Standard Blocking occurs when particulate contaminants in 
streamlines adjacent to the walls of the capillaries adhere to 
the walls. The deposited particles can be smaller than the 
pores in the capillaries. A continuous deposition of particles 
will eventually block the capillary. 
(3) Cake Filtration occurs when solid particles of contamination 
retained at the filter surface build up to form a porous cake 
as more contaminated fluid reaches the filter. Impingement 
and subsequent stacking of the particles gradually thickens the 
cake, which then acts as the primary barrier to flow through 
the filter element. 
(4) Intermediate Blocking is loosely defined as a filtration mode 
between standard blocking and cake filtration. 
Hermans and Bredee suggested that these mechanisms occur at various 
points in the filtration cycle of a filter from its clean condition 
throughout its useful life. F.a.ch mechanism can be described by the fil-
tration rate equation, 
= C (...sL\n 
P dV "J 
for constant pressure drop filtration; and 
d(ti. P) = C ( t:..P)n 
dV q 






Vis the volume of filtrate which has passed. 
Cp and Cq are constants depending on the type and. size of the 
contaminant present, the properties of the filt,er medium, 
and on the flow parameters such as flow rate, viscosity, etc. 
n is an exponent depending on the mechanism of filtration oc-
curing. 
It was suggested that n has the values: 
n = 2.0 for complete blocking, 
n = 1.5 for standard blocking, 
n = 1.0 for intermediate blocking, 
n = 0.0 for cake filtration. 
Using the constant flow-rate case, which is applicable to the pre-
sent work, the following relationships can be developed: 
For complete blocking, 
6. R _ l _ Cb Y • 
b.P Q 
For standard blocking, 
t \'lz 
(~ ~J = I - is V . (2.2.4) 
For intermediate blocking, 
Ln(l\P.)= (.V· 
b. ~ ( 
For cake filtration, 
where: 
Cb, C8 , Ci, and Cc are the appropriate plugging constants. 
~P0 is the pressure drop required to force a flow rate Q of 
uncontaminated oil through the filter. 
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Gonsalves (19), although making different assumptions for the phy-
sical mechanisms of pore blocking, confirmed :Equations 2.2.1 and 2.2.2. 
Gonsalves• principle objection to the work of Hermans and Bredee was 
their suggestion of the standard blocking filtration mechanism. However, 
Grace (15) experimentally observed that the standard blocking mode has 
been found to fit data on textile media for a significant portion of the 
filtration cycle. The complete blocking and intermediate blocking modes 
of filtration were observed to have much more limited application. Grace 
stated that a small number of systems containing particles larger than 
the pores of the medium appear to follow the complete blocking mode of 
filtration . He concluded that in textile media the filtration cycle 
generally passed through a number of modes. Standard blocking applied 
for a portion of the cycle, followed by a transition region which in tuni 
was followed by a prolonged region of cake filtration. In some cases, 
the cake mode appeared to apply even though a true cake did not exist in 
a macroscopic sense. 
Stone (20) investigated the filtration cycles of a 165xl400 Dutch 
twill wire cloth element when various size ranges of contamination were 
used. The curves which he obtained are shown in Figure 2.2.2. At the 
end of his investigation he reached the following conclusions: 
(l) When a wire cloth filter is exposed to oil carrying contami-
nant of a narrow size band., the possible mechanisms of filtra-
tion appear to be similar to those proposed. by Hermans and 
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Bredee from data associat ed with textile depth filter media. 
(2) A wire cloth filter is most susceptible to particles in a size 
range just below the mean pore size indicated by efficiency or 
porosimeter tests on the wire cloth. 
(3) When subjected to narrow size cuts of particles in the size 
ranges about its mean pore size, the wire cloth contamination 
cycle includes a substantial amount of cake filtration. For 
size cuts below the mean pore size, the filter initially ex-
periences the intermediate blocking mechanism for a region of 
the cycle which decreases as the particle size range increases. 
Following this, the cycle enters the incompressible cake fil-
tration region. For particle size cuts around and greater than 
the mean pore size of the wire cloth, the initial mechanism of 
filtration is indeterminate and of short duration prior to de-
velopment of the incompressible cake mechanism. If sufficient 
contaminant is added, the increasing pressure drop can cause 
compression of the cake, increasing its resistance to flow. 
(4) Mixed size contamination causes much more rapid blocking of the 
filter. For the mixed contaminants used, the filter contamina-
tion cycle followed the intermediate blocking mechanism, in-
ferring that this was the mechanism most likely to occur in 
actual filter performance. 
A filtration theory proposed by Cranston (17) in 1952 assumed the 
complete blocking mode to be the filtration mechanism. ais work repre-
sents a signif'icant contribution to the study of the mechanisms of fil-
tration and will be referenced in detail. Cranston, considering the fil-
ter medium in the same manner as shown in Figure 2.1.1, represented the 
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pore aizea in the aedium b;y a distribution tunction t 0 (D). The capillar;r 
size is determined b;r the amalleet pore within the capi.Jla1'7, and there-
fore in a medi:um with only one pore per capillar,y the pore and capill.ar,y 
size distributions would be equal; 
(2.2.7) 
For each additional pore in the capillar;r the capillar;r size distribu-
tion is reduced in proportion to the proba'bilit7 that there is a pore 
with a diameter greater than D. For capillaries with n pores, the capil-
1.aey size distribution is the distribution ot the amalleat of n observa-
tiona; 
(2.2.8) 
Figure 2.2 • .3 ahon typical curves of tp<D) and tc(D) tor a medium having 
a broad pore size distributioa and several pores per capil.l.ar;r. 
Cranston made the f'ollowing assumptions in describing a test to .mea-
sure filtration efficienc7: 
(1) Particles ot size x have tree paaaaae through &IJ1' capillar;r 
larger than x. 
(2) The concentration ot contauduata in the teed is insufficient 
to cause blockage ot the medi'Ull clu.riDg a teat. 
(.3) td(x) is the distribution ot particlea ot aise x in the fil-
trate. 
tu(x) is the distribution ot particles ot size x in the teed.. 
(4) The number ot particles larger than x reaching the filtrate 
will be proportional to the uout ot n111.d tl.owiJJg through 
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Therefore, applying :Equation 2.1.19, 
(2.2.9) 
where: 
T(x) is the transmission factor at size x. 
a is the specific filtration area, a constant which corrects 
for the fact that some contaminant is deposited on the sur-
face of the filter and never reaches the capillaries. 
In performing the efficiency test, the particle size distributions in the 
feed and filtrate are measured, as shown in Figure 2.2.4. The transmis-
sion curve, a plot of T(x) versus x, is then prepared, Figure 2.2.5. The 
characteristic shape of the capillary size distribution curve can then be 
obtained by measuring the slope of the transmission curve at various 
sizes and dividing by the size raised to the fourth power, since fran 
Equation 2.2. 9, 
f. ( D) ~ _I d.[TCD)] • 
c D"' d D 
(2.2.10) 
Ludvig (21) reports the use of Cranaton•s techniq'Ue to measure the 
capillary size distributiona of several types of woven wire cloth filter 
media. The transmission curves obtained in this manner exhibited a ten-
deney to f'latten out at a value of T(x) which was less than 50 percent as 
the particle size approached zero. Ludvig attributed this to the speci-
fie filtration area of the screens. Following Cranston's theory, he 
suggested that some of the particles in the feed smaller than the pore 
openings in the media were settling on the surface of the w.i.re cloth and 
therefore did not appear in the filtrate. It is interesting to note that 
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the leveling off of the transmission curves occurred at diameters less 
than 10 microns in size. This coincides with the range where particle 
counting techniques are subject to considerable error unless special op-
ticle equipne.nt is used. 
Casaleggi, et. al. (22) used a procedure similar to Cranston's to 
measure the filtration characteristics of two paper media and two wire 
cloth media. The tests were performed by passing glass beads, which 
were separated into narrow size ranges, through the medium. For each 
size range of beads a weight removal efficiency was determined by meas-
uring the weight of contaminant in the feed and filtrate. This efficien-
cy va~ue was then assigned to a diameter equal to th~ average ' diameter by 
weight of the glass bead sample being used. The efficiency curves which 
were obtained are shown in Figure 2.2.6. Contrary to the findings of 
Ludvig (21), the curves exhibit a definite characteristic of 100 percent 
transmission at the smaller sizes. The curves undoubtedly indicate a 
broader distribution of pore sizes than actually exist in the media. 
This is because the particle size ranges for the individual test contami-
nants covered a 30 micron interval. This type of test could be very ef-
fective if the contaminants were accurately sized in 5 micron intervals. 
The evaluation of the properties of a filter medium by measuring its 
efficiency or transmission characteristics is the most informative me-
thod of analysis when done properly. There are certain factors which 
must be taken into consideration when performing efficiency tests. 
Wheeler (23) states that filter efficiency is a dynamic factor which de-
pends on the fluid velocity, the filter medium, the type of contamina-
tion, and whether there are surges or vibration in the system. High 
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through the filter therby lowering its efficiency. The attainment of 
valid efficiency test data is also dependent upon the withdrawal of re-
presentative samples of the contamination in the feed and filtrate and 
the proper assessment of the contamination in the respective samples. 
Because of the difficulties involved in measuring the filter effi-
ciency characteristics of media, other methods of rating filters have 
been used. The most common expressions for describing a filter medium 
are by either its nominal rating or its absolute rating. The defini-
tions of these terms are as follows: 
(1) Nominal rating refers to the ability of a medium to remove a 
certain percentage of a specified contaminant. For example, a 
medium which retains 95 percent by weight of glass beads 10 to 
30 microns in size is usually classed as having a 10 micron 
nominal rating. The nominal rating is based on a particular 
test procedure; a medium might have different nominal ratings 
when tested under two different procedures. The nominal rating 
indicates no more about a medium than how it performed under 
the given test conditions. 
(2) Absolute rating is defined as the maximum pore opening in the 
filter medium. This rating is determined by observing the 
largest glass bead which passes through the medium. Like the 
nominal rating, the absolute rating is dependent on the parti-
cular test procedure used. In service, a 25 micron absolute 
filter will pass irregularly shaped particles whose longest di-
mensions are greater than 25 microns. 
There are three principle specifications to which hydraulic filters 
for aerospace applications are rated. Each of these specifications in-
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eludes a Degree of Filtration Test in which the nominal rating of the 
filter is measured. In two of the specifications an absolute rating re-
quirement is imposed on the filter. The filtration requirements for 
these three specifications are given below: 
(1) Mil-F-5504B (24). 2000 ml. of Mil-H-5606 hydraulic fluid con-
taining 0.5 grams of 10 to 20 microns glass beads are passed 
through the test element. The weight of glass beads in the 
filtrate, x, is measured; and the efficiency is calculated from 
the equation, 
E =- 100 o.s - x 
0.5 
(2.2.11) 
A 95 percent removal is required to meet the specification. 
(2) Mil-F-8815A (25). The filter must remove 94 percent by weight 
of APM F-9 glass beads. No .spherical particle whose diameter 
is greater than 15 microns is permitted in the filtrate. 
(3) Mil-F-27656A (26). The filter must remove 99.3 percent of an 
equal mixture by weight of AC Fine Test Dust and APM F-9 glass 
beads. This removal percentage is equivalent on a weight basis 
to 100 percent removal of particles larger than 5 microns and 
96.6 percent removal of particles 5 microns and smaller. In 
addition, no spherical particle whose diameter is greater than 
5 microns is permitted in the filtrate. 
Each of the specifications above have one characteristic in common; 
the performance of the medium is a function of the test procedure which 
is used. Therefore, it is difficult to extend the results of such a test 
to predict how the medium will perfonn under different operating condi-
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tions. In order to properly evalua,te the filtration performance of a. 
medium. its capillary size distribution must be determined • .Although the 
measurement of this distribution is dependent on test techniques, the 
results obtained are primarily a function of the medium itself., If the 
capillary size distribution curve can be described by a statistical mo-
del, then the filtration properties of the medium. itself can be des-
cribed in a mathematical s,ense. With this mathema.tical description, the 
performance of a medi1m in a given contaminant environment can be calcu-
lated. 
2 • .3 Sources of Contamination. ~rhe selection of a filter medium for 
a specific application would be incomplete without a. knowledge of the en-
vironment in which the medium. is to be used. 'l'he contaminant level pre-
sented to a filter as well as the contaminant tolerances of the compo-
nents to be protected dictate the characteristics of the medium. 
Contamination within hydraulic systems occurs from either internal 
or external sources. Internal sources of contamination can result ei-
ther from the generation of particles from wearing surfaces in the com-
ponents or from the release of contaminants built into the system at 
assembly. Generation of particles within a system can occur when two 
moving parts abrade one another or by some other mechanism such as cavi-
tation within some system component. Built in contaminants usually oc-
cur as undesirable by-products of manufacturing proceseies. These·con-
taminants may be fine cuttings from machining operations or even the 
residue from a welding process. Although component cleaning techniques 
are constantly being improved, built in contaminants represent a signi-
ficant contribution to the overall system contamination level. 
External sources of contamination are also quite common. Con-
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ta.mination of this type can enter in the hydraulic fluid itself, through 
breather caps on reservoirs, or from the atmosphere when a sy-stem. is 
opened for repair. The pri.ma.ry constituent of this type of contamination 
is silica. 
Until recently most of the experhl.enta.l work which has 'been report-
ed concerming sources of conta.mina.tion in oil systems has been limited. 
Little active effort was expended to determine the e.xact source of the 
contaminants. LeGrand (27) suggested some particle sizes that resut 
from various machining processes. These sizes, shown in 'l'a.ble I, are 
functions of specific machining requirements and facilities; therefore, 
they are onl.T typical. 
TABLE I 




Honing and Lapping 
Thread Grinding 
Particle Size Generated 
(microns) 
5 to lO 
2 to 5 
3 to 5 
Nutt (28) reported on the sizes of abrasive particles which were re-
moved from the fuel line of an automotive emgineo These results, found 
in Table II, although not obtained from a by"draulie system.., give an in-
dication of the sizes of particles which can be found in operating sys-
tems. 
Recent investigations at Oklahoma State University, as reported by 
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TABLE II 
TYPICAL DISTRIBUTION OF CONTAMINANTS IN AUTOMOTIVE SYSTEMS 
Particle Size Percent by 
(microns) Number 
Oto 5 2 
5 to 12.5 15 
12.5 to 37.5 37 
37.5 to 76 22 
76 to 114 12 
114 to 15.3 5 
Greater than 15.3 7 
Fitch (29), have measured the contaminant generation characteristics of 
hydraulic system components. In particular, the generation properties of 
hoses, metal lines, and component·housings were studied. The results 
showed that generation from such non-wearing surfaces was a function of 
the cleaning intensity of the fluid, whether due to system pulsation or 
chemical action. The generation characteristics of pumps were also in-
vestigated and found to be separable into three distinct periods: 
(1) Break-In Period. Generation results during the initial. opera-
ting life of a plilmp as the moving parts 11wear-in11 • 
(2) Steady-State Period. This period is characteristic of the 
pump during most of its effective life. Contaminant generation 
is very slight. 
(3) Wear-Out Period. This period immediately preceeds the failure 
of the pump and is characterized by a rapid increase in the 
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generation of contaminants by the pump. 
Figure 2.3.1 shows the contaminant level in 1 milliliter of the fluid 
from the suction and case drain of a piston pump during its break-in 
period. The ratio of the case drain contaminant level to the suction 
level is used as a measure of the generation within the purnp. 
Bose (JO), in a Ph.D. dissertation, investigated the generation of 
contaminants from cavitating surfaces. He found that the maximum size 
of particle generated was a function of the time during which the surface 
had been cavitated. A typical curve for soft aluminum, Figure 2.J.2, 
shows a peak in the maximum size generated followed by a steady-state 
period during which the generated size is constant. Bose was able to 
correlate the maximum size generated during the steady-state period with 
the Brinell hardness number for a wide range of metals which are used in 
the manufacture of hydraulic components. His empirical curve is shown in 
Figure 2 . .3 • .3. 
The type of research reported by the two latter authors is eharac-
teristic of a trend among individuals actively engaged in contamination 
control. This trend is directed toward understanding the causes of con-
tamination in systems so that the causes can be eliminated. 
Cole (31) has conducted a $tudy which, although not dealing direct-
ly with sources of system 1contamination, provides a means of describing 
contaminants oeeuring in hydraulic systems, clean rooms, and other conta-
minant controlled areas. ,He observed that many contaminant distributions 
can be appro.ximated by a Gaussian distribution With a logarithmic vari-
ate, commonly called a lognormal random variable. The lognormal density 
function is 
fl - \ 
~ Vt - J-2n_L_n -<T 
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Figure 2.3.1. Contaminant Levels in a Piston Pump During Its Break-
In Period 
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n is the number of particles, greater than x. 
xis the particle size. 
Lno-is the standard deviation of the distribution function. 
LnM is the mean of the distribution function. 
For simplicity, Cole made the further assumption that LnM is small com-







ln(n) =- Ln A - BL"' X 
where A a.nd Bare constants. Particle size distributions can then be 
graphed on special paper in which n is plotted on a conventional loga-
rithmic scale and xis plotted on a scale proportional to the square of 
its logarithm. Distributions which satisfy the assumptions made in the 
derivation will plot as a straight line on this special graph paper. 
Figure 2.3.4 shows the distribution curves from Figure 2.3.1 as well as 
the distribution curve £or 10 milligrams of AC Fine Test Dust as they ap-
pear on Cole 1s graph paper. The straight lines obtained demonstra.te the 
applicability of the theoretical model. 
Information regarding the sources and the nature of contaminants 
and their distributions as they occur in hydraulic systems is necessary 
before a filter can be designed for a given application. Such informa-
tion along with contaminant tolerance data on system components dictates 
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Figure 2 • .3.4. Contaminant Size-Distributions Displqed on Log-Log 




knowledge of expected system contamination levels is also important 
since the physical size of a filter element is dependent upon the quan-
tity of contaminants to be removed during its operating lif'e. 
2.4 Effects of Contamination. The most reliable test to determine 
whether a filter is suited for a particular application is to place the 
filter in the system and note if the components perform satisfactorily. 
This approach, although sometimes costly, is the one which has been 
followed almost exclusively in the selection of filt,ers for aerospace 
systems. A more logical solution to the problem would be to measure the 
contaminant levels in which a component can perform reliably. A filter 
could then be selected to insure operation within this contaminant tol-
erance level. This approach appears to be straight forward; however 
only a few investigators have measured the effects of contamination on 
system performance. 
An article written in 1944 by Thayer (32) is an exception to the 
norm. Thayer performed an experimental stud,y to determine the sizes of 
abrasive contaminants that would be harmful to an aircraft system pump. 
His goal was the speci.fieation of a filter which would offer ade~uate 
protection to the pump. In his tests he operated elide valves, which 
had approximately the same clearances as in the pump, in a. fluid conta-
minated with abrasives in a sm.a.ll size range. Tb.ayer obaerved tb.e in-
crease in clea.ra.uce over the original 10.2 microns for each size range 
of abrasives. The results of his testing are shown in Table IIL At the 
conclusion of his experimental work Tha;rer specified that the filter re-
quired should remove all particles larger than 10 microns in size and 
larger and as m.any- 5 micron particles a.s possible. 
Stokes and Vokes (33) in studying the wear caused in automotive 
TABLE III 
EFFECTS OF CONTAMINANT ABRASION ON SPOOL VALVE CLE.A.RANCES 



















engines by abrasive contaminants also ma.de a recommendation as to these-
lection of a filter after first obserri.mg the effects of various sizes of 
contaminants. Their findings showed that although all sizes o.f abrasive 
particles influenced wear, a fairly pronounced peak of damaging capacity 
existed in the 10 to 15 micron range. They also observed that particles 
on the order of 1 micron in size had virtually no damaging effect. Con-
sequently, a filter which was 100 percent efficient at 10 microns and 
totally inefficient at l micron would be compatible with the system re-
quiremen.ts • 
The effects of contamination on the operation of servo valves was 
investigated by Osgood (34). He showed that the hysterlsis curve of a 
servo valve operating in a contaminated environ.ment was appreciab:cy" lar-
ger than when the valve was operated in a clean. system., Although Osgood 
encouraged the use of improved filters in servo systems; he also encour-
aged the redesiign of hydraulic servos to make them less seni~itive to 
contaminants., Some of his s~gestions are as follows: 
(l) Design larger orifices or nozzle openings., 
(2) Develop a new type of hydraulic amplifier that does not 
41 
require orifices or nozzles" 
(.3) Reduce the spool and sleeve contact area to a minimum for low 
friction forces even in a contaminated system.a 
(4) Develop new types of metering systems having little or no 
sliding contact. 
The need for components which a.re designed to be contaminant toler-
ant was also expressed by Kl.evin (.35)~ He stated that contaminant tol-
erant compo:nents should be used especially in cases where system failure 
might endanger personnel, involve great cost, or imperil vital missions. 
Fitch, et. al. (36) reported on contaminant tolerance tests per-
formed on a sleeve type, directional control spool valve. Several valves 
having different clearances were operated in a system containing the O 
to 5 microns portion of AC Fine Test Dust. The contaminated fluid was 
circulated through the valve for a period of time and then the valve was 
energized. This procedure was repeated for increasing time periods un.-
til the valve failed to shift when energized. The time required to 
cause failure, referred to as silting time, is shown in Figure 2.4ol for 
several contaminant levels. Based. on these studies it was found. that the 
valves which had increased clearances exhibited a mu.ch smaller tendency 
to stick. 
Fitch in another report (29} presented the results of contaminant 
tolerance tests conducted on a by'd.raulic pump. The tests were performed 
by opera.ting the pump in a. system containing AC FineTest Dust classi-
fied into narrow size ranges. After a break-in period the pump was op-
erated for .30 minutes with the 5 to 10 microns contamillant., The flow 
deli ver,r of the pump at the end of this period was noted. The fluid was 
then filtered and the test was repeated with the next larger con,ta.minant. 
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Figure 2o4.lo Time Required to Stick Valve as a Function of Contarnj n~t Level. 
t 
Figure 2.4.2 shows the flow-rate degradation cu.rv-e versus time for a 
number of contaminant sizes. The downward break in the curve for the 
contaminant in the 25 to 30 micron range indicates that this is the size 
at which the pump begins to show sensitivityo For proper protection the 
suction filter for this type of pump should eliminate contaminants in 
this size range. 
As more information about the contaminant tolerance characteristics 
of various types of hydraulic components becomes available, the selection 
of system filter can become a routine task. However, the attainment of 
a routine filter selection technique depends upon the availability of 
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CHAPTER II~ 
DEVELOPMENT OF FLOW PER.FOR.MA.CE MODELS 
Previous attempts to describe the flow performance of a filter me-
f 
diu.m. by a theoretical model have been only partia.l.ly successful.o There 
( 
is general agreement om which properties of the medium and the fluid. a.re 
important to such a model, but the imter-relationship between these pro-
perties has elu.ded investigators. In this chapter, an equation is de-
rived which aeeuratel:Y describes the flow-pressure relationship for 
single and multiple layers of wire cloth fil.ter media., 'l'he equation re-
presents a modification of PoiseuiJ.lers equation fer l.ami.nar flow through 
straight cylindrical capillaries. 
3.1 Single-Layered Medimno Consider a hypothetical model of a porous 
' 
medium consisting of N straight cylindrical capillaries ef diameter, D, 
and length, L.. Am equation for the flow through sueh a medium can be ob-
tained. by performing a force balance on the fluid withi:a the medium, as 
shown in Figure 3.1.1 .. The external force ,on the fluid is givea by the 
product of the differential pressure across the capillary and the cross-
section.al area. , 
IT 0 2 ·F.:=/\ l:l.P= b.P· . 
. e. t' . ~-
where: 
Fe is the external force on the interstitial fluid .. 
~ is the cross sectional area of tne capiJ.lar.r~ 
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Figure .3.1.1. Force Balance on Fluid in a Cylindrical Capillary 
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l:).P is the pressure differe:n.tial ac:ross the medium. 
The internal drag force on the interstitial fluid can be equated to 
the product of the internal surface area of the capillary- and the vis-
cous shearing stress at the capillary wall as in the following equation; 
(3.l.2) 
where: 
F1 is the internal force on the interstitif.l fluid. 
t'w is the viscous shearing stress at the cap:1.11.ar;r wa11. 
As is the internal surface area ot the capillary. 
The shearing stress is given by- its defining equation as 
(3.1.3) 
where: 
µ is the dymamic viscosity of the tluid. 
i is the velocity gradient within~tbe capillary. 
For )amina,r flow, the velocity- distribution within the capilla:17 is para.-
bolic~ Therefore, at arr:, radius, r, the velocity- oa.n be expressed by-
- ( !.Jr-2) · v - 2 VQ. I - 0 2. (3.1.4) 
where: 
Va is the average velocity in the capil.laey" .. 
It follows that, 
( d. v) = _ 8 Yo.. . 
dr-1.r- D D -.2 . 
(.3 .. 1.5) 
If results of Equations .3.1.5 arui J.1 • .3 are slllbstituted into Equation 
3.1.2, the result is 
~i = a 11 J-l L v~ · (3.1 .. 6) 
Representation of Va in terms of the flow rate through the individual 
capillary, q, gives 
(3.1. 7) 
If the internal drag force, F1, is equated with tlle e.xtemal pres-
sure force, Fe, the flow rate through the capillary is given by 
(3 .1.8) 
Equation 3.1.8 gives the familiar form of t,be Hagen-Poiseu.ille law for 
flow through a single capillary .. The total !low, Q, through the N ca-
pillaries of equal physical dimensions in the hypothetical medium may be 
calculated from 
- N TT D~ 
Q- 128µ L ~p . 
The fact that Equation 3.1.9 requires the measurement of the number 
of capillaries in the medium limits its application .. The value of N can 
be determined for woven wire cloths from their geometric properties. 
However, for depth type media the measurement of the number of capillar-
ies becomes a difficult task. Therefore, it is advantageous to eliminate 
· the parameter N from Equation 3 .1. 9. This cam. be accomplished by intro-
dueing the porosity of the meditu;t1. as a parameter.. RecaJ Jing the defini.-
tion given for porosity in Equation 2.1.4, the porosity for the model 
under consideration is 
¢ = Nrr D2 • 
4 P\ 
(3.1 .. io) 
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where: 
A is the total surface area of the mediumo 
Solving for N from this expression gives 
N - 44'/\ - lT D 2 ' {Jol.ll) 
which can be substituted into Equation 3 .1. 9 to yield 
Q = c;i I\ D' ~ p. 
32_µ. l. 
(3.1.12) 
Extension of Equation 3.1.12 to modern filter media, such as wire 
cloth and sintered metals, requires the recognition that seyeral of the 
assumptions which were valid for the ideal model~ no longer be ade-
quate. Deviations which~ be expected from the ideal case are as fol-
lows: 
(1) The cross-sectional areas of the capillaries are not constant 
through a medium. In the case of Dutch twill wire cloth the 
capillary varies from a rectangular shape.at the surface open-
ings to a triangul.a.r opening within the m.ediumo .Therefore, the 
appropriate diameter for use in the flow equation must repre-
sent the effective flow diameter of the medi'Ulll. 
(2) The flow pa.th is not straight and consequently" n.as a length 
greater than the thickness of the medium. This deviation is 
more pronounced in depth media since the fluid must follow a 
more tortuous path through the porous material. .. 
Equation 3 .1~12 can be revised for an actual. med.ililBI. to account for 
these two areas of concern by using the concept of an equivalem.t circular 
diameter for the eapillar;y. Consider the representation.of an irregulaz,.. 
ly" shaped capillary shown in Figure .3.1.2. Let the hydraulic diaineter a.t 
50 
D(X) 
Figure 3.1.2. Irregularly Shaped Capillary 
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a distance x into the medium be given by D(x) o The volume of the capil-
lary, V c' may then be calculated from the integral, 
V = (L. TT [ D(x)]z clx • 
c Jo L..\ 
Taking this volume and representing it by a straight cylindrical capil-
lary oi' diameter., Da, and length, L, gives 
D .. ~ J ~ 't :: tt-f [ Dtxr d.i< r ' (3 .. 1.J.4) 
In this manner an actual medium ea.n fit the theoretical model ii' Da can 
be measured .. Accepting this fact, Equation 3 .. 1 .. 12 is correct providing 
that the equivalent cylindrical diameter is substituted for D to give 
(3 .1 .. 15) 
It will be shown in Chapter 5 that Da can be measured by mercury intru-
sion porosimetry .. 
Equation 3.1.15 is an a.na.lytical equation which can be used to cal-
culate the flow-pressure relationship through a woven wire cloth in 
terms 01' the properties of the medium and the fluid. The validity of 
this equation will be proven experimentally for several wire cloth media 
as well as for one sintered metal depth medium .. 
3.2 Cascaded Media.. The flow properties of multi-layered media. are 
also oi' interest, since multiple layers of material are often used., In 
some applications a backup wire mesh is required to give the primary fil-
ter medium structural support .. In other cases multiple layers are used 
to improve the filtration performance by means of the depth filtration 
characteristics of the resultant medium~ 
Consider a cascaded medium consisting of n individual layers, iden-
tified. by the subscripts, 1, 2, ., •• , n-1, n. Applying Equation .3.1.15 
the flow through the i-th layer is given by 
where: 
Cri is the flow constant for the i-th layer., 
The total pressure loss through the ca~cad.ed medium is equal to 
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If it is assumed that the areas of each of the layers are equal and that 
the temperature of the fluid is constant, Equation 3 .. 2.2 can be simpli-
fied to read. 
Expressed in terms of the flow rate the equation becomes 
or 
Q _ f\/32_,µ.. A p -.,.. l..)u' , ~(.i. D2 . 




Equations 3.2.4a, a.nd 3.2.4b are general forms of the flow equation 
for cascaded media. However, practical limits such as allowable pressure 
loss requirements probably preclude the use of more than three layers of 
media in series. For two layers of material the equations a.re 




Q= I I (3.2 .. 5b) 
-+-c~, cf2 
For three layers in cascade the equation is 
~p Q - .. ---·-·······-····--·· ·····---- , 
- ..L +l +-1-
cfl cf"~ c,i:3 
3 .. 3 Parallel Media .. Filters using media. in parallel configurations 
are not common, although in some instances low flow rate elements are 
ued in parallel with high now rate elements having poorer filtration 
characteristics .. It will be shmm. in Chapter 6 that media having dif-
ferent tiltration characteristics can be effectively used in parallel to 
obtain a desired filtration characteristic .. Consequently, it is of in-
terest to derive the appropriate flow equation for parallel media .. 
Consider n tilter media in parallel. The total flow rate is given 
by the summation of the flows through the individual media. 
Substituting the expression from Equation 3.2 .. 1 and recognizing that the 
pressure loss through ea.ch medium is the same, the equation becomes 
Q =- ~P~C.::. 6P ./2:(~A.D/·) . 
~ 'rl 32_µ. 4- \ L t" (3 .. 3 .. 2) 
For two media in parallel. the flow equation reduces to 
Q = ( cp, A I o. ~ + q>,. A 2 D/) ~ p • 
L, L 2 32µ. 
CHAPTER IV 
DEVELOPMENT OF FILTRATION PEBFORMANPE MOD.EIS 
The various methods ued to evaluate and rate the filtration per-
fonnance of filter media tell very- li~tle about the medium. ~er~, 
all that is established is how much of the specified contaminant the 
filter removed under the imposed operating conditions. To accurately 
describe filtration·performanee, the capillar.r size distribution curve 
for a medium should be known. As discussed in Section 2.2, Cranston 
(17) showed how the capillar.r size distribution curve ean be obtained 
£rom the filtration efficiency curve. Gther authors have applied Cran-
ston•s theories to obtain the capillacy distribution curves for variou 
media, but none has attempted to describe the resuJ.tant distributions 
other than. graphically. 
It is desirable to express the c,ipillary size distribution in a 
more general manner than by simply" having it displayed as a curve. For 
design applications it is advantageous to describe the distribtltion 
eu.rve by a mathematical or statistical modeL In this chapter, the hy-
pothesis will be made that the capillary size distribution curve for 
' . 
wire cloth filter media can be described by a Gausian or normal distri-
bution function. The filtration models for ·media in eascade and in pa-
rallel will be determined on this basis. For all of the derivations, the 
assumption is made that the media. is essentially cleano 
4.1 Single-Layered :Medium. The assumption of a mol"Jll8.l distribution 
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for the capillary sizes of woven wire cloth media appears reasonable 
when the stru.cture of the cloth and the manufacturing processes are con-
sidered.. The cloth is usu.ally woven from stainless steel wires whose 
diameters must meet tolerance requirements on the order of plus or minus 
one micron. The mesh counts, ioe., the number of wires per linear inch, 
are also controlled within specified limits. The all.owable tolerances 
for three Dutch twill media are given in Table IV. 
TABLE IV 
ALLOWABLE TOLERANCES ON.WIRE SIZE AND 
MESH COUNT OF DUTCH TWILL MEDIA 
Nominal Mesh Mesh Count Range (no. wires/in.) Wire Size Ra.uge(micron) 
Count Warp* Shoot** Warp Shoot 
.325.x.2.300 .325± 2 2100± 50 .38 ± l 25± 0.5 
200xl400 200±. 2 1350± 30 70 !. l 40± l 
165xl400 165±. 2 1.350"!. 30 70:t 1 40± l 
-!~arp wires are the wires rwming the long way of the cloth as woven. 
/ 
-!!*Shoot wires a.re the wires running across the short way of the cloth 
as woven. 
The capillary size distribution of a medium is directly dependent 
upon the uniformity of the weaving process. Since the products of most 
manufacturing processes exhibit a normal distribution about the nominal 
prod.uet, it can be expected that the variations in wire cloth will also 
exhibit a normal distribution. A variable xis said to be normally dis-
tributed if its density function is given by 
<><--><.)~ 
I - 2cr 2 
f\(X) =-J2TT (J"' e 
where: 
X is the mean of the distribution. 
er is the variance of the distribution. 
X. may vary between± oo • 
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The function in Equation 4.1.l actually- represents a two para.meter 
family ot distributions. Variations in x change the position of the 
distribution curve along the x axis; variations in er change the shape of 
the distribution curve. As the value ofcr increases, the broadness of 
the distribution curve also increases. Figure 4 .. 1.l shows two normal 
distribution functions with different means and variances. Since n(x) is 
given to be a density £unction, it is implied that 
NC x) = 1: ri<><) d.x ' (4 .. l.2) 
and 
NC()O) =-1 • 
where: 
N(x) is the cumu.lative distribution function. 
Figure 4.1.2 shows the cumulative distributions of the two normal dis-
tribution functions in Figure 4.1.l .. 
In app~ng the concept of a normal distribution to the variation or 
capillary sizes wi tbin a wire cloth medium, 1 t is apparent that the par-
ticle removal efficiency curve for the medium. is actually a cti.mulative 
distribution curve. Hawever,the limits on the varia.bl.e are no l.onger 
minus and. plus in!i:nity, but are zero to infinity. Letting the ou:mu.l.a-
tive capillary size distribution for the medi'Wll be represented by E(D), 
F,quation 4.l..2 becomes 
ECD) ={0 e(D)J._D, (4 .. 1.3) 
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· e(D) is the capillary size distribution fumctiono 
Differentiating, the capillar,r size distr:ibuti0n function is obtained as 
e(D) = d.E(D) • 
d.D 
(4 ... 1..4) 
For e(D) to be distributed no:rma.lly- then it must satisfy Equation 4 .. lol 
as shown. below., 
(D-Df 
) - ) - .2 o-.t 
e(D -J:zrr (1" e 
where: 
Dis the average capilla.r,r diametero 
If a medium. has a normal distribution of capillary sizes then the aver-
age diameter of the dist~bution coincides with the diameter tor which 
the efficiency is .fi~y percent .. The complete definition of the capil-
lar,r size distribution .function requires the entire eff'iciency curve .. 
From a manufacturing standpoint the efficiency- curve for an ideal 
wire cloth medium would be the step curve shOWll in Figure 4 .. l. .. .3 .. Such a 
medium.would have a spike for the distribution curve, Figure 4 .. lo4, 
which indicates that there is o~ one pore size within the medium.o An 
eval.uation of the manufacturing techniques of various suppliers of wire 
cloth can be made by comparing the relative sharpness of the capilla.ry 
size distribution curves o:t the media., Media manufactured under su.peri-
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Describing the filtration performance of a wire cloth medium by de-
termining its capillary- size distribution function is a more meaningul 
approach than. measuring a nominal rating £or the medium.o The distribu-
tion. .flmction is a property of the medium.while the nominal rating mere-
ly measures the performance of the medi'Wn under certain test conditions. 
Because 0£ rigid manufacturing controls, the distribution f'un.etions for 
wire cloth media should follow the normal curve of Equation 4ol .. 5 .. For 
other media, such as sintered metals or paper, the capillary distribu-
tion might be described. by a skewed model such as the gamma distribution. 
A:o2 Cascaded Media. A study of the filtration performance charac-
teristics of cascaded filter media is important in two respects. First, 
the efficiencies of cascaded media are improved over that of~ 0£ the 
individual layers. Economic~ two layers 0£ a. coarse, l.ess expensive 
wire cloth might replace a single J.qer of' expensive cl.0th.. Aneta.er im-
portant reason for knowing the filtration performance of cascaded media 
is associated with recirculating systemsa In et:t:ect, ea.ch time the 
fluid makes a complete cycle, the filter appears as another layer of me-
dium in cascade. Therefore, for a. system with a given initial contami-
nant level, the level after two or more complete circulations through the 
tilter can be calculated from the perfor.mamce characteristics of cascad-
ed media. 
The effects of cascading media can be calculated from the cumula-
tive capillar;r size distribution curves for the individual layerso For 
example, consider a medium.whose cumulative capillary distribution, i.e. 
its efficiency, is given by E(D) .. At a;ny- diameter D1 the medium has an 
efficiency given by the equation 
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Associated with this point the medium also has a tram.smission factor, 
In terms of the filtration process, F.quation 4.2.2 states that the trac-
tion of particles of size D1 retained by' the filter plus the fraction 
which pass through equals the total number of particles presented to the 
filtero Appi,img the resuJ.ts of :Equation 4o2ol, the transmission £actor 
at D1 is given by' 
T(D,) =- \- foDie (D) c1 D. 
T(D1) represents the probability that a particle 0£ size n1 will pass 
through the medium. 
It .follows that ii' n media of va.rl.ou types are placed in series the 
overall probability of passing a particle of size D would be the product 
of the probabilities of the particle paasin.g through ea.oh individual 
l.ay"er. This asslml.es that the performance ot each layer is independent 
of the others.. In equation form, the overall transmission factor at D 
is given by the product 
where: 
T0 (D} is the overall transmission factor tor the cascaded 
media .. 
Ti(D) is the transmission factor for the i-th individual 
layer of m.ed.:ium .. 
The resultant efficiency at D for n cascaded. media may be calculated 
where: 
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E (D) is the overall efficiency 0£ the cascaded media to par-
e 
ticles of size Do 
Using F,qu.ation 4, .. 2o3, the overa.11 efficiency for the cascaded media may 
also be expressed by 
E/D): I -fr[\ - fo0 e;(D) d..D]. 
I 
where: 
ei(D) is the capillary size distribution !unction for the i-th 
medium .. 
Equation 4 .. 2 .. 6 can be used to calculate the efficiency character-
isties of cascaded media .. However, it 1s· u~ more straight forward 
to construct the efficiency curve from 1!'4u.a.tion 4 .. 2 .. 50 
A special case of the theory discussed above deserves mention be-
cause of its applicability.. This is the case in which the individual 
layers consist of the same material. The performance of a filter in a 
recirculating system is also included in this category-. For both of 
these cases the overall transmission factor at a diameter D1 is equal to 
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where: 
T(D1) is the transmission factor for one layer of the medium. 
n is the number of layers of cascaded media or the number of 
cycles of the fluid through the filter. 
The overall efficiency for this special case is 
EJD,) = \- [T( D,f' · (4.2.8) 
Figure 4.2.1 shows the efficiency curves for one, two, and five layers 
of the same medium. These curves coincide with the effective efficien-
cy of a single filter when the fluid makes one, two, and five passes 
through it. The broken curve is the limiting case for an infinite num-
ber of layers or an infinite number of passes through a single filter. 
4.3 Parallel Media. The analytical description of the filtration 
performance of media in parallel requires both a description of the ca-
pillary size distributions of the individual media and the equations of 
flow for parallel media. To illustrate, consider n media with different 
properties in a parallel configuration. The removal efficiency of each 
medium is applied to the fraction of the total number of particles in 
the feed which are presented to it. This £raction is equal to the frac-
tion of the total flow which passes through the individual medium. Re-
calling F,quation 3.2.l and 3.3.2, the fraction for the i-th layer is 
_QL_ _ Ci;;. 




If the total number of particles of size Din the feed is Nu(D), the 
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The nwnber of particles o.f size D passing through the i-th med.iwn, 
Hdi(D), may be found from the equation 
media is 
N.1. (D) = t Nd..(D) = t: ±' Tl (D) N,,CD) . 
I . c • 
. I f' l 
(J+.,3 .4,) 
The equation. for the transmission factor for parallel operation is then 
1: CD) = Nd.(o) = t" cfl ~ co) . 
P Nu. <D) f:. Cf· 
I l 
From F.quation 4,.3 .. 5 the efficiency in parallel cu. be calculated as 
I'\ 
E < O) = I - ~ Cfi Tt < D) 
p t:.. cf. 
I l 
(4.,.3.,6) 
The complete efficiency- curve for parallel media can be determined. by 
evaluating Equation 4.3 .. 6 for various values of D .. 
CHAPI'ER V 
EXPERIMENTAL VERIFICATION OF FLCW MODELS 
The utilization of the flow equations developed in Chapter 3 de-
pends upon the accuracy with which the various properties of the filter 
media can be measured. Consequently, a brief discussion of the various 
experimental methods used to measure the media para.meters will precede 
the experimental verification of the flow equations for single-layered 
media and multiple media in cascade and parallel. 
5.1 Experimental Methods. Recalling the basic equation for flow 
through a single layer of filter material, Equation 3 ol.15, there are 
five properties of either the medium or the fluid which must be measured 
before the flow-pressure relationship can be defined. Several of these 
properties are readily obtainable while the others require some effort. 
The thickness of the medium, L, and the area exposed to flow are easily 
measured. For the flow tests reported in this chapter the media were 
sealed into the sample holder of Figure 5.1.1, which exposed Tr square 
inches to flow. 
Several methods exist to measure the fraction of void space or po-
rosity of a porous medium. For the present case, the solid matrix of 
the medium consists of a homogeneous material of known properties, and 
the density method emerges as the most straight forward approach. The 
total volume of a filter medium. is given by the sum of the pore volume 
and the volume of the solid material; 
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Recalling the definition of porosity, the pore volume can be given by 
the product, 
(5.1.2) 
If the porous material is dry and weighed in air, its solid volume is 
(5.1.3) 
where: 
Wis the weight of the medium. 
~sis the density of the solid material. 
Substituting the results of F,quations 5.1.2 and 5.1.3 into Equation 
5.1.l and solving for (f yields 
w 
~ = 1- (?~ VT • (5 .1.4) 
The dependence of this method upon an accurate knowledge of the 
density of the solid medium is the primary source of error in the re-
sults. However, all of the media tested in the present study are stain-
less steel, and the density is essentially constant. A value of 8.1 
gm./cc. was used for the density of stainless steel. The weights of the 
samples of media were measured with a Satorious Semi-Micro Balance with 
a readibility of 10-5 gram. 
The property of the medium most difficult to measure is its capil-
lary size. This is true because there may be several pores within a me-
dium. whose diameters could· be chosen as characteristic of the medium. 
For example, the Dutch twill of Figure 2.2.1 has rectangular pores at 
70 
the surface and triangular pores within the material. Either of these 
pores could be used to characterize the medium. For describing the fil-
tration performance of a Dutch twill cloth the size of the triangular 
pore is important since it offers the primary restriction to the passage 
of contaminants. However, to describe the flow performance of a Dutch 
twill medium, neither of these pore sizes can be used. As discussed in 
Section 3.1, an average diameter based on the capillary volume is the 
appropriate diameter for studying the flow performance of a filter me-
dium. 
A diameter based on the capillary volume of a porous medium can be 
measured using the mercury intrusion porosimetry techniques described in 
Appendix A. Briefly stated, the process is one of forcing mercury into 
the interstices of a porous medium. As the pressure on the mercury is 
increased, smaller pores in the medium become saturated with mercury. 
By measuring the volume of mercury which passes into the medium for each 
increase in pressure, a curve of volume injected versus pressure can be 
obtained. This curve is a cumulative distribution curve from which a 
distribution curve of frequency of pore volume versus pressure can be 
calculated by evaluating the slope of the cum'l1lative curve at various 
pressures. Applying a static balance of forces within the medium, the 
applied pressure can be related to the size of the capillary being satu-
rated. Ultimately, a curve of frequency of pore volume versus capillary 
size can be prepared. The diameter at which the peak of this distribu-
tion curve occurs gives the average capillary diameter on a volumetric 
basis. 
The viscosity of the fluid medium is the only property of the fluid 
that enters into the flow-pressure relationship. The fluid used was 
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Mil-H-5606 hydraulic fluid whose temperature was maintained at 100°F. 
for testing all of the flow performance models. The viscosit y of this 
fluid was measured by a Brookfield Synchrolectric viscometer and found 
to be 12 centipoise at 100°F. 
The actual measurement of the flow performance characteristics of 
single layer, cascaded, and parallel media was carried out using the 
Filter Media Performance Test Stand described in Appendix B. A test 
sample was sealed in the sample holder of Figure 5.1.1, using a gasket 
sealing compound. The holder was installed in the housing shown in Fig-
ure 5.1.2 and the assembled unit placed in the test section of the stand. 
Pressure differential versus flow rate data were obtained on each filter 
sample for a number of flow rates up to 16 gpm. The pressure differen-
tials were taken in accordance with SAE ARP-24.A. A curve giving the 
line losses between the pressure pick-up points as a function of flow-
rate was also measured and used to calculate the true pressure-flow 
curve for the filter medium. 
5.2 Single-Layered Medium. As shown in Section 3.1, the flow-
pressure relationship through a single layer of filter material is giv-
en by 
(3.Ll5) 
Measuring the various constituents of this equation in coIIDnon units, the 
equation becomes 
(5.2.1) 




·,. - -----=------=---=--:.... 
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tion was tested using four different media. Three of the media were wo-
ven wire cloths and the fourth was a depth medium manufactured by sin-
tering stainless steel fibers together. The latter material was includea 
in the experimental program to evaluate the applicability of the model 




Nominal Weaving Thickness Porosity Effective Diameter 
Mesh Pattern L (in.) q> Da (microns) 
200x600 Dutch Twill 0.0055 o.60 35 
(single) 
165.xl.400 Dutch Twill 0.0058 0.40 24 
(double) 
200.xl.400 Dutch Twill 0.0055 0.38 20 
(double) 
Depth ------- 0.0290 0.67 19 Medium 
Using the properties from Table V and recalling that the flow area 
of the medium is TT square inches and the viscosity of the fluid at l00°F. 
is l2 centipoise, the slope of the ti.P versus Q curve was calculated us-
ing a rearranged form of F.quation 5.2.l; 
~p_ 1.1Yxlo'1,µ.L _ I 
Q ct> I\ Da.. :l. - C.~ . (5.2.2) 
The calculated values for the slopes of the flow curves for each of the 
four media are given in Table VI. 
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TABLE VI 
CALCULATED VALUES OF b.P/Q FOR SINGLE MEDIA 
Nominal Mesh Cf (gpm/psi) t>.P/Q (psi/gpm) 
200x600 3.03 0.33 
165x1400 o. CX) 1.11 
200xl400 o.63 1.59 
Depth Medium 0.19 5.26 
Experimental pressure-flow tests were performed on eac~ pf the four 
media . Both the calculated curves and the experimental data are shown 
in Figure 5.2.1. Table VII compares the theoretical and experimental 
values of the slopes of the pressure-flow curves. 
TABLE VII 
FLOW PERFORMANCE RESULTS FOR SINGLE MEDIA 
Nominal Theoretical Experimental Deviation 
Mesh l::l.P/Q (psi/gpm) t:..P /Q (psi/ gpn) (Percent) 
200x600 0.33 0.30 9 
165xl400 1.11 1.10 1 
200xl400 1.59 1.72 8 
Depth Medium 5.26 6.67 21 
Examination of Figure 5.2.1 and Table VII reveals that the theore-
tical model was adequate for describing the flow performance of the 
three wire cloth media. These materials are typical of the spectrum of 
wire cloth media used in the manufacture of hydraulic filter elements. 
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Therefore it can be concluded that the theoretical model can be applied 
with equal success to other wire cloth media. Although the success of 
the theoretical model was not as great when applied to the depth medium, 
additional testing with depth media may prove this deviation to be a 
characteristic of the material tested. 
5.3 Cascaded Media. In Chapter 3 an equation was developed for 






To test the validity of the equation, flow-pressure tests were per-
formed on both two and three layers of the 165.xl400 Dutch twill medium. 
For layers of the same medium the equation above simplifies to 
(5.3 .1) 
for two layers, and 
(5.3 .2) 
for three layers. Using the value for Cf from Table VI, the slopes of 
the pressure-flow curves can be calculated. The results are given in 
Table VIII. 
TABLE VIII 
CALCULATED VALUES OF ~P/Q FOR CASCADED MEDIA 









For the experimental tests the media were cascaded by clamping them to-
gether in the sample holder. Figure 5.3.l shows the experimental re-
sults along with plots of the theoretical curves. Comparison of the 
curves reveals that the theoretical model of .Equation 3.2.4 is adequate 
to describe the flow performance of wire cloth media in series. 
In applications where a layered material is used, the layers are 
commonly joined together by a sintering process. In this process the 
layers are clamped together and heated in a hydrogen furnace to tempera-
tures in excess of 1700°F. At these temperatures the individual layers 
are bonded together at points of contact. To test for possible devia-
tions from the theoretical model as a result of this process, double 
layers of the 165x1400 mesh were sintered together. The effects caused 
from the relative orientation of the sintered media were also investi-
gated. To accomplish this four pairs of cloth were sintered together in 
' 
such a manner that the warp wires of the individual layers were oriented 
at angles of O, 30, 60 and 90 degrees. 
Pressure-flow tests were then performed on the sintered media in 
each of the four angular orientations. The curves obtained generally 
exhibited higher differential pressures than had been obtained for the 
test on the unsintered media. No noticible trend was observed from the 
various orientations of the media. Figure 5.3.2 displays the theoretical 
curve and the experimental data points which gave the maximum deviation 
from the theoretical curve. Each of the four curves fell within 4 per-
cent of the predicted curve. The compression of the layers during the 
sintering ,process probably altered the structure of the media enough to 
account for this slight change. 
5.4 Parallel Media • .Equation 3.3.2 states that the flow-pressure 
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relationship for filter media in parallel is 
I') 
Q = ~PLCH . 
I 
To test this model the 165.xl.400 mesh was placed in parallel with the 
200.xJ.400 mesh.. Taking the appropriate values of Cf from Table VI the 
theoretical relationship for this configuration is 
Q = (O. 90 + 0.~3)~P= 1.53 ~P, 
or 
~P=O.G5 Q . 
80 
Figure 5.4ol shows the comparison between the experimental results and 
the theoretical cu:rve .. The curve through the experimental data can be 
approximated by the straight line, 
Hence the theoretical curve deviates from this result by 7 percento Re-
calling that the 200.xl400 mesh exhibited a 8 percent variation between 
the theoretical and experimental flow performance curves, a deviation of 
this magnitude is understandable. It can. be con.eluded from the results 
that the parallel flow model of Equation J.3o2 is applicable within the 



















1=W=R 1 , 1111111111111111111 1 1111111:.U-tt"1111111111111tt1 , 11111111111111m~=Q~~=r~t1= 
; I I I 





l~H, i i 1 l 1 i 
•1 Ii I i1 lri<l>l Ii n 111 l*i I I I I I II !fl 111TTI I i~i I I I I I ltffifll 1111 ilP I: I ltrn~l I 11IIIl1l411111111~ 11111111 
I I I I I I I I 
FffiTillTTI 111·11111111111111111111111111 f(Q@I I I l~ttfg~~ 
n1 .::t-i -1 I j r-1 1 LL1 J 
Figure 5o4oL Flow Performance Curve for Parallel Media (X) 
I-' 
CHAPTER VI 
EXPERIMENTAL VERIFICATION OF FILTRATION MODELS 
This chapter details the experimental verification of the filtra.-
tion models proposed in Chapter 4 for single media and for media in 
series and pa.ralleL Tm.s verification entailed the measurement of the 
efficiency curves for media in each of these configurations., Since mea-
surements of this sort are highly dependent upon the prodecure used, a 
! 
considerable portion of the chapter will be devoted to describing the 
experimental techniques employed" 
6.1 Experimental Methods., The measurement of the efficiency char-
acteristics of filter media requires rigid control on all of the ex-
perimental techniques. Seemingly routine tasks such as the injection of 
contaminants and the sampling from the feed and filtrate can yield er-
roneous results if caution is not exercised., The measurement of the 
particle distributions in the feed and filtrate can also be a source of 
error in the analysis. Beca1:1Se of the importance of these experimental 
techniques to the ultimate goal, the procedures used will be discussed 
in some detaiL 
The primary contaminants for the filtration perform.a.nee testing 
were glass beads which had been classified into narrow size distribu-
tions. The reasons for the selection of glass beads were twofold. 
First, glass beads are r~adily distinguishable from natural.ly occurring 
82 
83 
contaminants because of their uniform shape and therefore can be easiJ.Jr 
sized and counted using a microscopic techniqueo Also the circular 
cross section of the sphere presents a standard particle shape to the 
capillaries and gives a true meaning to the term capillary diametero 
Classified AC Fine Test Dust was used as a secondary contaminant to de-
termine the efficiency of a medium to irregularly shaped particleso 
The efficiency tests were performed with the media mounted in the 
same housing that was used for the flow perform.a.nee testso The contami-
nant injection system shown in Figure 6olol was placed in the test sec-
tion of the Filter Media Performance Test Stand immediately upstream of 
the housing eonta.ining the filter mediumo A 297 millimeter diameter 
membrane filter with a Oo45 micron rating preceeded the injection system. 
For each test a flow rate of Oo5 gpm was established through the mediumo 
The contaminant for each test was weighed on an. analytical balance 
and placed in a clean dry bottleo For most of the te$tS 15 milligrams 
of 10 to 20 micron and 10 milligrams of 20 to 30 micron glass beads 
were used. The bottles were filled with hydraulic fluid and mixed in an 
ultrasonic cleaner just prior to being added to the system. This slurry 
was then poured into the contaminant injection chamber. After closing 
the chamber, a portion of the system flow was bypassed through the cham-
ber to carry the contaminant to the filter. 
Fluid samples from the feed and filtrate were withdrawn so that the 
contaminant injection period was bracketedo That is, sampling was begun 
before initiating the injection and was continued until after the con-
clusion of the injection period. The samples were withdrawn immediately 
upstream and downstream from the test housing through bleeder type sam-
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I.D. eapillaq tubing. The purpose of the tubing was to reduce the flow 
rate from the system by causing a large pressure loss without restrict-
ing the flow of the contaminants. With this arrangement the sample 
valve could be fully opened so that no filtration across the valve could 
result. Prior to each test the valves were flushed with system fluid to 
remove 8.D'3' residual contamination. 
The fluid samples from the feed and filtrate were microscopicly 
analyzed using a modified form oi' the SAE .ARP-598 (37) particle counting 
technique. An image splitting eyepiece was substituted for the filar 
·micrometer eyepiece called for in the ARP. A description of the image 
splitting ~piece as well as a complete discussion of the pa.rticJ.e 
counting technique is included in Appendix e • 
.4.2 Single-La.vered Medium.. Two di.f'ferent media were tested to de-
termine the validity- of' assuming a normal distribution for the capillary 
size distribution of' wire ol.oth filter media .. The two media were the 
165xl400 and 200xl400 Dutch twill cloths used in the flow pertor.mance 
testing. Two efficiency- tests were conducted on each medit1m. using the 
procedures outlined in the previous section and in Appendix C .. The re-
sults from these two tests were averaged to give a. eonsensus .. 
To test the asst1m.ption, the points on the efficiem.c;r cu.rves were 
plotted on probability graph pa.per .. On this special paper cumulative 
nonna.l distributions graph as a straight line .. Since the effieie:nc;r 
curve represents a cunmla.tive distribution, the assumption is verified. 
if the points lie qn a straight line .. Figure 6 .. 2 .. l shows the effieienc;r 
data. points for each of the two media tested. .. Also shown are straight 
lines which pass through the data points for the respective media .. 
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of Figure 6.2.1 are readily obtained since they occur at the 50 percent 
efficiency points. The variance of the distribution can also be ob-
tained from the graph. For a normal distribution, 68 percent of the 
events oeeur within the interval bounded by x±.cr • Therefore, consider-
ing the c,;unulative distribution curves of Figure 6.2.l, the variance of 
the distributions oa.n be calculated from 
(6 .. 2.1) 
where: 
o is the variance of the normal distribution. 
DN is the diameter for which the efficiency is N percent. 
In Table IX the defining parameters are given for the capillary size 
distributions of the two media tested. It is interesting to note that 
the variances of the two distributions are equal. This result is to be 
expected since the two media had the same weaving pattern a.nd were woven 
by the same manufacturer. The distributions for other weaving patterns 
or for the same type of media from other ma.nufaeturersca.n be expected to 
have different values for the variance. 
TABLE IX 













Tha capillar.y size distributions for these two media were compared 
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with the respective distribution curves obtained from the porosimeter 
test. The curves for the 165x1400 mesh are shown in Figure 6.2.2 and 
those for the 200xl400 mesh a.re in Figure 6.2.3. The comparison of the 
results, Table X, shows that the average diameter on a volumetric basis 
is four microns larger than the filtration diameter. This variation can 
also be expected to be a characteristic of the weaving pattern. 
TABLE; X 





Average Diameter (microns) 
Porosimeter Test Efficiency Test 
24 
20 
The efficiency characteristics of the 165xl400 mesh were also meas-
ured using AC Fine Test Dust to simulate an actual contaminant. The re-
sults, Figure 6.2.4, show that a different distribution curve is ob-
ta.ined. Since the particle counts are based upon the longest dimension 
of the particle, the increased variance of the distribution curve is due 
to the irregular shape of the AC Dust. Table XI lists the para.meters of 
the distribution curves for the two contaminants. 
TABLE XI 
CAPILLARY SIZE DISTRIBUTION PARAMETERS OF 165xl400 
MESH FOR DIFFERENT CONTAMINANTS 
Glass Beads AC Test Dust 
Mean (microns) Variance (microns) Mean (microns) Variance (microns) 
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Figure 6.2.2. Distribution Curves for 165xl400 Cloth from Efficiency and Porosimeter Tests 
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The experimental tests show that the capillary size distributions of 
single-layered Dutch twill wire cloth media follow a normal distribution 
model. These distributions are characterized by a mean diameter and a 
variance which is a function of the type of weave and the manufacturing 
process. Since these two parameters completely describe the capillary 
size distribution, they could be used to rate filter media. This would 
eliminate the use of such vague terms as nominal. ratimg and absolute 
rating. 
6.3 Cascaded Media. The theoretical model for the filtration per-
forms.nee of cascaded media that was developed in Section 4.2 was experi-
menta.lly tested using multiple layers of the 165.xJ.400 mesh. Recalling 
the discussion in this section, the efficiency for multiple layers of the 
same medium is given by 
EC co)= 1- [Tco)r' 
where: 
T(D) is the transmission factor at diameter D for the indivi-
dual medium. 
n is the number. of layers of media. 
This relationship was tested for two and three layers in series. An 
overall efficiency curve for each case was constructed using the distri-
bution curve for the mesh, Figure 6.2.l, and the equation above. Two 
efficiency tests were then performed for each configuration and the 
averaged results of these tests were compared with the expected eurveo 
Figure 603.l shows the theoretical curve and the data points from. 
the efficiency test for two layers in cascade. The Clll'V'e and data 
points for three layers in series are given in Figure 6.3.2. Comparison 
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of the experimental d.a.ta with the predicted curve shows that the filtra-
tion perfor.mamce of cascaded media can be determined using the individual. 
capillary distributions of the media. 
The filtration performance of the cascaded media which had been 
sintered together was also measured. Efficiency tests were conducted on 
the two samples which had the grea~st variation in the orientation of 
the warp wires, namely, 0 and 90 degree orientation. Figure 6.3.3 shows 
the theoretical curve and the efficiency test data for the two ori.enta-
tion patterns. As discovered in the results of the flow tests, no ap-
preciable deviations from the expected were caused by variations in the 
arrangement of the layered media. 
6.4 Parallel Media. In Section 4.3 a relationship was derived for 
the efficiency characteristics of filter media in paral.lelo This rela-
tionship required not only the filtration properties of the individual 
media but also the flow performance properties of the media. Restated, 
the equation is 
E (D)= \- tcHTz(D) . 
p Lcf, 
I 
This filtration model was tested by performing efficiency tests on the 
165.xl.400 and 200.xl.400 mesh media in parallel. 
The theoretical efficiency curve for the two media can be calcula-
ted using the calculated now constant cla.ta in Table VI and the distribu-
tion curves of Figure 6.2.1. Substitution of the respective now con-
stant values simplifies the equation to 
E (D):: \- 0.90T.CD)+O.G3T2<D). 
· P 1.53 
(6.4.1) 
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where: 
T1(D) is the transmission factor at D for the 165:x:1400 mesho 
T2(D) is the transmission factor at D for the 200xJ.4QO mesho 
Referring to the curves or Figure 6 .. 2.1, the efficiency at 8IJY' dimneter 
can be calcuJ.ated from the equation above. For example, the efficiency 
at 20 microns is equal to 
E (20) = (0.90)(0.50) +(0.(,3)(0.0Y) = O.G9 
P 1.53 . 
The complete efficiency curve was calculated in this manner and 
compared with the points on the efficiency curve which were measured ex-
perimentally. The results in Figure 6.4 .. l show that t:ne experimental 
points closely follow the theoretical curveo Therefore it ean be con-
cluded that the proposeQ. model does describe the filtration perto.m.ance 
of wire cloth media in parallel .. 
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CHAPTER VII 
APPLICATIONS OF THE RESEARCH TO CURRENT PROBLEMS 
The design of a filter for a hydraulic system application is based 
on three characteristics of the medium. These distinguishing properties 
a.re: 
(1) . Flow resistance, 
(2) Capillary size distribution, 
(.3) Contaminant holding characteristics. 
The present research is directly applicable to the first two of these 
properties and partia~ applicable to the third. 
7.1 Flow Performance. The nature of a filter in a hydra:ulic system 
is such that it acts as a passive element in the oircuito Although. it 
serves a vital function in assuring the.proper operation of the system 
components, the filter represents an inefficiency in the distribution of 
hydraulic power to the working components. Therefore, the pressure loss 
through a filter must be known to ascertain whether the filter is compa-
tible with the available hydraulic power of the systemo 
In many applications the maximum. allowable pressure loss across the 
element is a. known quantity, fixed either by a specification or by sys-
tem requirements. For example, each of the filter specifications refer-
enced in Section 2.3 places a limit upon the maximum allowable pressure 
drop for a given operating condition. The design of a filter for the 
suction side of a pump is another example where the pressure drop across 
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the element must be maintained a.ta low va.lueo If the pressure drop be-
comes too great, cavitation will be induced in the pump and a complete 
pump failure can resulto 
The flow performance theories resulting from this research are im-
portant to any application where the flow resistanee of the filter me-
dium must be knowno Using the equations of Chapter .3, the area of a 
filter element can be calculated prior to its manufacture so that the 
completed element will meet imposed pressure drop requirements. The 
theories for cascaded media should become increasingly important for 
filter applicationso There is a growing trend among filter manufactur-
ers to use multiple layers of media to achieve a desired filtration 
performance. For the effective design of filters of this type, the 
flow-pressure characteristics of cascaded media must be known. 
The flow performance model for a single-layered medium can be used 
effectively to design new and perhaps superior filter media. Since the 
relationships between the properties of a medium are defined by a.n equa-
tion, the effects of changes in a particular para.meter can be predicted. 
This can be especially important in designing metal fiber media.o The 
manufacturing process for this material is such that its properties can 
be r~ altered. For example, a medium can be constructed to a given 
porosity or thickness by a slight alteration in the processo By using 
the theoretical relationship and varying the properties where possible, 
a medium with a given filtration performance could be optimized to have 
a minimum flow resistance. 
7.2 Filtration Performance. An important application for the fil-
tration performance models of Chapter 4 is !or the rating of filter me-
dia. The mechanisms of filtration are governed by the theory of proba-
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bill ties. A medium with an average capillary diameter of 25 microns has 
a greater probability of removing a 25 :micron particle than a medium with 
a diameter of 30 microns. However, because of manufacturing naws, both 
media might pass the same number of 50 micron particles. Since the fil-
tration process is influenced by probability theocy., it is reasonable to 
apply a statistical definition to the filtration rating of a medium. 
It was hypothesized in Chapter 4 and verified in Chapter 6 that the 
capillary size distribution of a Dutch twill medium follows a Gaussian 
distribution model. Therefore, this distribution can be described by two 
parameters, the mean capillary diameter and the variance of the distri-
bution. The mean diameter is a function of the type of weave, the nomi-
nal wire count, and the wire sizes. The variance is a .function of the 
quality control on the materials and the weaving process. Media woven 
under superior process controls will display a smallervariance about the 
mean diameter. 
The specification of degree of filtration requirements for Dutch 
twill media could easily be accomplished by stating the ma:x:im:um allow-
able values for the two statistical parameterso For ex.ample, a filter 
specification could require a mean capilla.ry diameter no greater than 25 
microns and a variance no greater than 3 microns .. This specification 
could be satisfied by either of the two media tested in Chapter 6 along 
with several other types of cloth. However .f'rom a practical standpoint 
the medium with the lowest flow resistance would be selected. .. Rating 
filter media in this manner would eliminate the need for ambiguous terms 
such as nominal rating and absolute rating .. 
The performance of a filter medi'WII. in a given application can also 
be predicted using the theories of Chapter 4o As an example, consider a 
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fluid system with the imtial contami.namt level shown in Figure 7 .,2ol .. 
If a filter manufactured from a 165xl400 mesh is placed into the system, 
the contaminant level at tJ:ll1' time can be calculated using tlae capillary 
size distribution curve of Figure 6.2.lo Figure 7 .. 2ol also shows the 
expected. contaminant level after one and five complete cycles of the 
system fluid. 
The filtration performance theories proposed in this research pro-
vide the filter designer with the information that is necessary to de-
sign an element to satisfy contaminant tolerance requirements.. This 
area of_ . .t'il ter design will become increasingly important as hydraulic 
component manufacturers begin to specify the contaminant environments in 
which their components must be operated., The con.ta.min.ant tolerance of a 
component is synoDymous with the allowable particle size distribution 
which may pass through the protecting .tilter .. The distribution upstream 
of the filter is set by the internal. and external sources of contami.ma.-
tion for the system .. 
With the description of th,e contaminant levels upstream. and down-
stream of the filter, the necessary filtratiom effieieney characteris-
tics are defined. This process can be demonstrated for a general easeo 
Consider a hydraulic component whose conta.minant tolerance level is 
specified by the particle size distribution, Ilt(D) .. 'fb.e contaminant 
producing characteristics of the hydraulic s;rstem a.re such that the con-
taminant level ~r t~e system has the distribution :n8 (D) o The a.llowable 
transmission factor for the proteetimg filter at a.my diam.e~er D1, is 
given by the ratio of these distributions evaluated at i 1; 
(7o2ol} 
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Figure 7.2.1. Influence of Filtration on System Contamination Level 
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The efficiency at D1 is equ.a.l to 
By evaluating Equation 7o2.2 at a number of diameters, the efficiency 
characteristics for the required filter are known. 
From this point the filter design problem evolves into one of se-
leeting a medium.which satisfies the filtration requirements of the par-
ticular application. If' there is no medium.which ef'.feetively satisfies 
the requirements, them the designer is eq\'li.pped with equatiou which may 
enable him to design a suitable .filter using multiple media .. In effect, 
the design process becomes one of tald.ng the available media and com-
billing them to meet the filtration requirements. 
A typical filter design problem might be the protection of the 
pump whose contaminant tolerance curve wa.s sho'W'B in Figure 2.4,.2. The 
results of the tests showed that particles in the 25 to 30 micron size 
range caused a decrease in the output flow from the pump.. Contaminant 
below this size had no apparent effect on pwnp performance. Since the 
contaminant level below 25 microns is not limited!' the ouq requirement 
on the filter is that it remove essentially' all of the contami:nat.1.on 
greater than 25 microns in sizee Referring to Figure 6o2ol, the ei'.t'i-
cieney of the 165xl400 mesh is 99 percent at 25 micron whl.le that of 
the 200xl4()0 mesh is 99099 percent,. Either of these media would ade-
quate~ protect the pump, however the l65xl400 medi:um would be the pra.e-
tical choice due to its lower f'low resistance" 
The importance of the filtration performance theories developed in 
this thesis can be summarized as falling into one of two areas .. First, 
the characterization of the filtration properties of a medium by a eta-
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tistical model provides a workable and mea.niRgful method to describe and 
rate filter media. Second, the theories for describing the filtration 
performance of media in mu.ltiple configuration give the designer the 
tools to design a filter to specific requirements~ 
CHAP!'ER VIII 
SUMMARY AND CONCLUSIONS 
8.1 Summary. This thesis considers two problems. The first pro-
blem is the development of mathematical mod.els which describe the flow-
pressure relationshi,ps tor liq1d.ds flowing through wire cloth tilter 
media. The mociel that is proposed. is a modified. form of t:be Hagen-
Poiseuille equation for laminar now through straight cylindrical capil-
laries. A flow equation is derived from the model in terms o:t the fol-
lowing properties of a :tilter medium: porosity., thickness., total area., 
and average flow diameter. The viscosity of the flu.id also. enters the 
equation as a parameter. Using the basic model for flow through a sin-
gle medium, mathematical models are derived for the flow relationships 
for multiple media in series and parallel configuratio.na. 
The validity o:t the flow model for a single medium is tested by com-
paring the experimental now-pressure relationships of four media with 
the theoretical model. The test media. include three wire cloths a.n.d a 
metal fiber depth medium. The theoretical models for flow through wire 
cloth media used in series and parallel are also tested for validity. 
The second problem considered is the mathematical description of 
the filtration performance of wire cloth media. A Gaussian or normal 
distribution is assumed for the distribution ef eapillar.y sizes within a 
wire cloth. Based on this assumed model, equations are derived which 




The assumption of a normal distribution model was tested by measur-
ing the efficiency characteristics of two wire cloth media. Sinee the 
efficiency curve is a cumulative capillary size distribution curve, the 
assumption is. verified if the curve has the properties pf a cumulative 
normal distribution. Using the distribution functions that characterize 
the media tested, an evaluation is ma.de of the applicability of the fil-
tration equations for media in multiple configurations. This is done by 
calculating the expected efficiency curves for media in series and paral-
. . 
lel and comparing experimental points with the curves. 
8.2 Conclusions. The experimental tests of the flow performance 
models verify that the mathematical equations accurately describe the 
flow relationships for wire cloth media. For the woven materials all of 
the the'oretieal models agreed with the experimental data within ten per-
cent. The model deviated by twenty-one percent for the metal fiber me-
dium. The flow performance models for wire cloth media have two impor-
tant applications: 
(1) Filter elements can be designed so that their flow properties 
satisfy imposed restrictions. 
(2) New filter media can be designed with properties that mini-
mize the flow resistance. 
The capillary size distributions of wire cloth media follow a Gaus-
sian distribution model. Therefore, the filtration performance of a me-
di'WD. is described by the mean and variance of its capillary distribution. 
Using the distribution parameters for individual materials, the filtra-
tion performance can be calculated for media in series and parallel eon-
figurations. The filtration models offer the following advantages: 
(1) The filtration performance of media can be designated in 
meaningful terms. 
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(2) Media can be combined to produce a desired filtration charac-
teristic for a particular application. 
The theoretical models developed in this thesis, to the author•s 
knowledge, represent the first successful description of the performance 
of wire cloth filter media from an analytical approach. In most disci-
plines, the development of acceptible mathematical models usually marks 
the transition of the discipline from an empirical art to an engineering 
science. Therefore, the greatest benefit from this research may be to 
provide the necessary impetus to effect the transition of filtration me-
chanics from an art to a science. 
8.3 Recommendations for Further Study. As a result of the work i~ 
tiated in this research, several areas of investigation appear to war~ 
rant additional efforts. In this regard, the following recommendations 
are made: 
(1) The flow models should be tested for their application to fil-
ter media other than wire cloth. 
(2) The capillary size distributions of typical depth media should 
be characterized by statistical models. 
(3) The relationship between the capillary size distribution of a 
medium and its contaminant holding capabilities should be de-
termined. 
(4) Simplified test methods should be developed to allow the meas-
urement of filtration efficiency characteristics on a routine 
basis. 
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APPENDIX A 
MERCURY INTRUSION POROSIMETER 
The most important property of a filter medium is its capillary 
size, since this governs its effectiveness as a filter material. In ad-
dition, there are two distinct capillary sizes that are important for 
describing a medium. One of these is the capillary size which represents 
the filtration properties of the medium. The other is the average or ef-
fective capillary size which is characteristic of the flow properties of 
a medium. This latter measurement can be ma.de using mercury intrusion 
porosimetry. 
The development of the mercury intrusion method of measuring capil-
lary size distributions is attributed to Washburn (38). The technique 
was further refined by Ritter and Drake (39). The principle relationsltip 
is developed from a static balance of forces within a capillary. Consi-
der the case where a liquid is being forced into a capillary. At an 
equilibrium condition, the external force is balanced by u internal 
force resulting from the surface tension of the liquid at the perimeter 
of the opening, as shown in Figure A.l. This equilibrium condition can 
be stated mathematically as 
(A.l) 
where: 
Fis the force required. 
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PRESSURE FORCE = PAp 
LIQUID SURFACE 
O""d(Lp)= dCFV cos e f Lp 
NORMAL SURFACE TENSION. FORCE •o--Lp cos e =.f-dl.Lp)COS a 
0 . 
Figure .A.l. Static Foree Balance witbin a Capillary 
E 
Pis the absol~te pressure. 
AP is the cross sectional capillary area, 
LP is the length of wetted perimeter of capillary. 
er is the surface tension of liquid. 
e is the wetting angle of liquid on solid. 
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If Equation A.l is applied to a capillary of circular cross section, the 
values for AP and 1p become 
and 
(A.3) 
Thus, the force equation readily reduces to 
The equation above has been thought to be restricted to circular 
capillaries; however, re-examination of the theory shows that it is a 
much more powerful tool in the determination of media capillary sizes. 
Consider the force balance within a triangular capillary of sides a, b, 
and c. The cross sectional area is given by the expression, 
[ :-, Vz Ar= S(S-a.)(S-6)(S-c:)J • (A.5) 
where: 
S =!(a+ b + c) 
Since the wetted perimeter for this case is 
L =a+b+c=2S 
p . ' 
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substitution into Equation A.l yields 
(A.6) 
The diameter D., given in A.6., is the diameter of the circle which can be 
inscribed in the triangle. It should be noted that this is also equal to 




The validity of the theory for triangular pore openings is noteworthy be-
cause many common wire cloth configurations have triangular pores as 
their primary barrier. 
An analysis of the forces within a rectamgular capillary also has im-
portant applications since media with a plain weave have pores of this 
type. Considering a rectangle with a width Wand a length L., the cross 
sectional area and wetted perimeter are given by 
A =WL p 
LP= 2 (W + L). 
Substitution into equation A.l yields 




Representing L by some multiple of W., KW, and recognizing that Wis the 
diameter of the largest sphere which will pass through the pore, Equation 
A.lo may be written as 
o- CI +K) 
- 2K 
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It can be observed from F.quation A. ll that tor a square pore, where K 
equals 1, the equation reduces to the same form as :Equ.tions A.4 and A.6. 
The principles abeve are utilized in d.etermi.Rimg capillar.v sizes by 
means of the intrusion of mercury into the pores of a medium. The in-
strument used in this test, a mercury intrusion porosimeter manufactured 
by the American Instrument Company, is desigmed to give capillary size 
distribution information on porous media whose diam.eters may range from 
0.0.35 to 100 microns (Figures A .. 2 and A • .3). In performing the test, a 
filter sample is placed in a small chamber to which a gradu.ted stem is 
attached. After evacuating the sa.mpl.e, mereury is addeci to the cba.ml.:>er. 
The pressure on the mercury is increased incremental.17, and the volume 
change is noted in the graduated stem.. As the pressure is increas,ed, 
the mercury passes into pores of decreasing diameter until the void 
volume is eompletei,- filled with mercur.r. In this mamier a plot of 
pressure versus volume injected can be prepared (Figure A .. 4). 
Considering the porous medium being ana.4zed, let the incremental 
pore volDe between diameters]))+ d]) and D be representeci by 
where: 
dV = -F(D) dD. p 
VP is the capillary volume 
F(D) is the Pore Size Bistribution Function 
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Differentiation of Equation A.13 yields 
PdD + DdP = 0 (A.14) 
Solving for dD and substituting into :Equation A.12 gives an expression 
for the distribution function; 
F(D)=_2._ d.. Yp • 
D d..P 
(A .. 15) 
The capillary size distribution function ma;r be deter.mined for various 
pore diameters using Equation A .13 and the slope of the VP versus P 
curve. Figure A.5 shows a plot of F(D) versus D for a medium with a. 
Dutch twill weave. The highest point which F(D) obtains occurs at the 
average capillary size of a medium on a volume basis. 
'I'he value of this method lies in the fact tha.t it is applicable to 
both surface and depth type filter media. The test can be performed on 
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FILTER MEDIA PERFO:e.MANCE TEST STAND 
Tne inter-relationships between the flow rates throu.gl:l and the dif-
ferential pressures across filter media were measured expe.rimenta.lly 
using the Filter Media Per.for.ma.nee Test Stand .. A photograph and the cir-
cuit diagram of the stand a.re shown in Figures B.l and B .. 2, respective-
ly. Tne test stand is designed so that flow rates from. O to 25 gpm can 
be established through an experimental sample. It is equipped with a 
0.5 micron system filter to protect the test sample from contamination 
during a. test. 
E.xtremely accurate instrumentation is incorporated into the stand 
to insure the reliability of the now resistance test results. The flow 
rate is measured with a Fischer and Porter turbine flowmeter which is 
accurate to 0.1 percent. Tne pressure differential measurements are taken 
with a Fischer and Porter "Press-I-Cell", a differential pressure instru-
ment with a readability of 0.05 paid and a repeatability of 0.066 psid. 
In order to maintain a constant viscosity, the fluid temperature is main-
tained to within 0.5° E of the desired temperature u.si:ng a Mizµieapolis-
Honeywell temperature controller. Because of the precise nature of the 
instruments, the test results obtained from the Filter Media Performance 
Test Stand are virtually free from experimental erroro 
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Figure B.2. Circuit :Diagram of Test Stand 
APPENDIX C 
PARTICLE COUNTING TECHNIQlJES 
The particle counting tecrudques used to support. the experimental 
work of Chapter 6 basically follow the SAE ARP-598 procedure. The sam-
ple is prepared by vacuum filtering the fluid through a 0.45 micron., 
black, gridded membrane filter pad as recommended in the ARP. The de-
viation from the ARP is in the optical equipment used on the microscope. 
An image splitting eyepiece was substituted for the recommended ocular 
micrometer eyepiece. 
Figure C.l shows a drawing of the image splitting eyepiece. The 
optical sy-stem in the eyepiece includes two prisms whose relative angu-
lar orientation can be set by the micrometer adjustment knob. Relative 
rotation of the knob creates the effect of du.al or split images of ob-
jects in the field of view of the eyepiece. Depending upon the setting 
of the knob., i.e. the magnitude of the rotation of the prisms., the two 
images will overlap., touch, or be separated. These three possibilities 
are illustrated graphically in Figure C.l by three particles of differ-
ing size, labled (a), (b), and (c). The setting of the adjustment knob 
for the illustrated ease is such that the two images of particle (b) are 
just touchl.ng. The images of particles larger than (b) will overlap as 
demonstrated by- ( c) • Images of particles that are smaller than the set 
size a.re separated as illustrated by- (a). The settings on the micrometer. 









Figure C .1. Image Splitting Eyepiece 
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calibration slide. In practice, i.f parti~les 10 microns in diameter and 
larger are to be counted, the adjustment knob is placed at the setting 
corresponding to 10 microns. All particles whose images touch or over-
lap are then counted. To count in another range the knob is chaiiged to 
,-;.., 
the new setting and the procedure is repeated. 
In order to better facilitate the counting of the particles, an 
eyepiece with a calibrated scale was used in conjunction with the image 
splitting eyepiece (Figure C .2). Thi.s scale was not used to size the 
individual particles, but instead it was used as a reference line or 
11gate 11 under which the particles were passed for counting. By moving 
the micrometer stage on the microscope, the particles on the filter pad 
pass under the scale. As they do so, their size is noted and those equal 
to or grea,ter than the size set on the adjustment knob are tabulated. In 
this manner a unit area of length equal to one grid square length on the 
filter pad and width equal to the length of the eyepiece scale is sur-
veyed and the particles thereon are counted. The unit areas correspond-
ing to the objective magnifications used are shown in Figure C.3. 
The total number of particles on the filter in each size range is 
found by scaling the area of the filter actually counted to the total ef-
fective filter area. 
where: 
T = N x 960 
p t N x A (C.l) 
TP is the total number of particles of a given size range 
on the filter. 
Nt is the total number of particles counted in N lll'lit areas. 










Figure C .2. Field of View Showing Area. Counted 
r-3,09 MM----i 
0.378 MM 
UNIT AREA AT 
OBJECTIVE POWER 
OF IOX 
Figure C.3. Unit Areas at Objective Powers Used 
A is the unit area (mm)2 
960 is the total effective filter area (mm)2 
The unit area is given by, 
where: 
A = (3.09) W. 
W is the width of unit area = 2..!..'.Z! • 
Mo 
M0 is the objective power of microscope. 
3.78 is the length of eyepiece scale at M0 = 1. 
Substituting these values into Equation Col reduces it .to 
Nt 




Two magnifications were ued to count the particles in the feed and 
filtrate. A magnification of 520x was ued to count particles smaller 
than 15 microns when AG Fine Dust was used as the contaminant. This mag-
nifieation was obtained using an objective power of 40x in conjunction 
with the 13.x magnification of the image splitting eyepieceo This higher 
magnification is required to distinguish the images of small, irregular-
ly-shaped particles .. A magnification. of l30x was used for all of the 
size ranges when glass beads were used and for AC Dust larger than 15 
microns in size. 
Counts were ma.de on twenty unit areas selected at random from the 
filter pad. This was equivalent to couting 2 .. 4, percent of the total 
pad area for the 130.x m.agnifi.cation., and O. 6 percent tor the 520.x magni-
fication. The particles were sized in 5 micron intervals; the mean of 
the interval was selected as the cha.racteristic dimension of the size 
range. 
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The use of the image splitting eyepiece in conjunction with the 
ARP-598 technique has demonstrated an accuracy of within plus or minus 
.10 percent limits, as compared to the plus or minus 33 percent limits 
associated with the standard ARP method .. This represents a. marked im-
provement in the expected accuracy associated with optical counting 
procedures. 
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